Abstract. The paper concerns numerical analysis of thermal phenomena occurring in the butt welding of two different materials by a laser beam welding. The temperature distribution for the welded butt-joint is obtained on the basis of numerical simulations performed in the ABAQUS program. Numerical analysis takes into account the thermophysical properties of welded plate made of two different materials. Temperature distribution in analysed joints is obtained on the basis of numerical simulation in Abaqus/Standard solver, which allowed the determination of the geometry of laser welded butt-joint.
Introduction
The main objective of optimization of welding technology is to reduce the cost of production and the mass of joined elements while maintaining optimum durability [1, 2] . One of the new trends in the welding industry is performing welded joints with dissimilar materials [2] [3] [4] [5] . These types of welded structures are commonly used today in aviation, construction of steam power plants, chemical installations etc. Depending on the combination of materials used, for example: austenitic stainless steel -non-austenitic steel or austenitic stainless steel -copper/copper alloy, the required strength, anti-corrosion and heat properties must be obtained from performed joints [5] . Another aspect which supports the use of dissimilar joints is the economic factor.
Welding of dissimilar materials is quite complicated because of the large differences in material behavior of joined materials [2] [3] [4] . The most important parameters of the joined materials are: the melting temperature, thermal conductivity and thermal expansion coefficient. Issues in joined materials occur when more than one of these conditions are present at the same time [5] .
Most often arc welding or laser beam welding are used in in this type of joints. Each of these technologies involves specific conditions of heat distribution in the analyzed joints [3, 6, 7] . The quantity of heat impact into the welded material has a significant effect on the microstructure change and joint deformation [7, 8] .
Performing experiments of dissimilar materials joining is quite expensive as it requires many experimental tests to determine the proper parameters of the welding process. Sasaki and Ikeno in the study [9] conducted experiments on laser welding of butt joints made of dissimilar materials -austenitic steel and brass. They experimentally analyzed the influence of parameters such as: laser beam focus, power change and welding speed of heat source on the quality of the resulting joints. Figure 1 shows exemplary welds for different positioning of welding heat source. Fig. 1 . View of welded beads for laser welded butt joint [9] Due to the cost of experiments, numerical modeling becomes a useful tool for analyzing the relevant technological parameters of the process [10, 11] . Numerical modeling can greatly reduce costs of experimental research at the initial stage of construction design [6, 9, 12] . An important case of study in numerical research is a reliable representation of the real process and the appropriate adaption of mathematical and numerical models of the analyzed phenomena.
Numerical analysis of laser welded butt joint made of two dissimilar materials: austenitic steels X5CrNi18-10 and brass CuSn10 is performed in this study. The presented numerical analysis is based on experimental studies from literature [9] . Numerical simulations are performed in the Abaqus/FEA computational software. A three dimensional discrete model of the discussed system is developed with temperature dependent thermophysical properties of analyzed materials taken into account. In order to provide a moveable welding source in the model the implementation of additional numerical subroutine DFLUX is necessary. Temperature distribution and size of the melted zone in the laser welded butt joint are estimated on the basis of performed numerical simulations.
Modelling of thermal phenomena in Abaqus
Numerical analysis of thermal phenomena occurring in the welding process of welded butt joint made of disimilar materials is difficult to carry out. It requires taking into account the specific conditions of the laser beam welding process and taking into account the different thermophysical properties of the joined materials (Fig. 2) . The numerical model of the movable welding source requires implementation of additional subroutine DFLUX in Abaqus software.
Fig. 2. Scheme of coupled thermal phenomena
The numerical analysis of heat transfer in the Abaqus software is based on the energy conservation equation and Fourier's law, expressed as follows [6, 13] :
Temperature field is expressed in the criterion of weighted residuals method. Simulations are carried out in Lagrange's coordinates, where coordinates of the center of heat source is determined at each time step, depending on the welding speed [6] . Equation (1) is completed by the initial condition
and boundary conditions of Dirichlet and Neumann and Newton type, which takes into account the heat loss to convection, radiation and evaporation [14] :
where  k is convective coefficient,  is radiation ( = 0.5),  is Stefan-Boltzman constant and q( r, 0) is the heat flux towards the top surface of welded workpiece (z = 0) in the source activity zone of radius r, T 0 = 20 °C is an ambient temperature.
Most widely used mathematical model of heat source power having Gaussian type distribution is used in numerical model [15] . The presented model assumes a linear decrease of energy density along material penetration depth (Fig. 3) , expressed as follows: The modeling of the moveable welding heat source in the Abaqus is performed through the additional DFLUX subroutine, written in the Fortran programming language.
Numerical model
The joint is made of two dissimilar materials: austenitic stainless steel X5CrNi18-10 and brass CuSn10. The dimensions of joined sheets are taken from the experimental study in literature [9] , set as: 50 x 25x 1.5 mm. The scheme of the analyzed system is presented in Figure 4 .
Fig. 4. Scheme of considered system
Perfect contact at the interface between joined parts is assumed in the developed numerical model of butt joints [6, 16] . The finite element mesh is used to provide good quality results with not long duration of the time simulation. The size of finite element is assumed to be quite small in welding source activity zone, increasing linearly with the distance from the welding line. The total number of elements used in the numerical model is 30500. The thermal analysis use rectangular finite element mesh, whit DC3D8 type of elements [13] . The calculations are carried out for three cases depending on the positioning center of the welding source (Fig. 5) . Figure 6 shows the assumed properties of austenitic steels, while in Figure 7 used in calculation properties of brass. Assumed in the analysis convective coefficient is set to:  k = 100 W/m 2 °C. 
Results and discussion
The following numerical parameters of the heating source are assumed for numerical calculations of laser welding: beam power Q = 750 W, welding beam diameter r o = 0.4 mm, penetration depth s = 3.5 mm and welding speed v = 300 mm / min. The welding heat source parameters are taken from the literature [9] . Numerical calculations are performed in Abaqus/Standard solver.
Temperature field and shape of melted zone are estimated in laser butt welded joints on the basis of performed numerical simulations. Figure 8 shows the temperature field in the joint for the positioning of welding source in the contact line of the joined sheets. The isoline T L is determined at the boundary of melted zone for each material. From the analysis of obtained simulation results it can be seen that for the III case of heat source 0.2 mm positioning on the brass side the narrowest zone melting is achieved. This result is also confirmed by experimental research [9] .
Conclusions
It is difficult to obtain good quality welded joints of dissimilar materials because of the different thermophysical properties of joined materials. For significant differences between materials it is even more difficult to perform a good welded joint, which could have a high capacity to cracking. Numerical modeling of the welding process of dissimilar materials is a useful tool for engineers to determine a proper process parameters. Numerical prediction of thermal phenomena in welded elements, mainly temperature distribution, is a significant help in the initial stage of construction design. This can also significantly reduce the cost of conducting experimental research. The Abaqus software is a universal tool for analyzing laser beam welding process.
From the analysis of laser beam welding process of austenitic stainless steel to the brass it can be seen that the position of center of the heat source has a significant influence on the melted zone. The results of numerical simulations confirm the results of experimental work carried out by the authors of [9] .
